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are given for ~Z C +~C , fg0+160, 0°ca+4 Ca and 208pbt2 8~b f o r differen bombarding energies. Elastic and inelastic cross sections are given for JCt12C in a coupled channel approach f o r ELab=300 and 1016 MeV.
I -INTRODUCTION
For describing the scattering and the reactions between two nuclei the optical model i s always the starting point. Thus the heavy ion (HI) optical potential i s an essential quantity f o r HI nuclear physics. Therefore we have in the past develooed a method how t o derive the real and imaginary part of the optical potential between h.ro nuclei from a r e a l i s t i c nucleon-nucleon (NN) interaction [I-81. For the real part of the optical model already before our work a simple and transparent derivation had been achieved in the folding model [9] . How well such a folding model can reproduce the 12c+12c scattering data with a phenomenolopical ly f i t t e d imaginary part has been shown for example by von Oertzen and coworkers [10,111. In our approach [I-81 the starting point i s the collision of two i n f i n i t e nuclear matters which flow through each other. F i r s t we solve the Bethe-Goldstone equation. Since the sum of the Fermi spheres of the two interacting nuclear matters i s nonspherical the Bruckner reaction matrix gets complex. This reaction matrix allows to calculate a complex energy density. With the help of a generalized local density approximation we are able t o calculate the real and imaginary part of the optical potential between two nuclei. Article published online by EDP Sciences and available at http://dx.doi.org/10. 1051/jphyscol:1986415 In the present contribution we extend and refine our previous approach [I-81 in four ways: ( i ) W e calculate the ground s t a t e properties of nuclei across the whole mass table with the same YN force as the optical potential. Thus the same NN force determikes the mass distribution of each nucleus and the interaction between the HI'S. ( i i ) W e add t o the enerSy density a WeizsZcker l i k e surface term (~p ) ' . Only with this term we are able t o describe the nuclear mass distributions and the radii i n arreement with the data. ( i i i ) To calculate the density distribution of the two interacting HI'S we use two limiting approaches: In the sudden approximation we add the two densities and i n the adiabatic approach we allow that the densities are approximately optimized s t a t i c a l l y f o r each distance R. ( i v ) W e distinguish f o r the elast i c and inelastic scattering of two HI'S between the nuclear radius RN (obtained by f i t t i n g the real part of our optical potential by a Saxon-Woods potential) and the Coulomb radius ~~-1 . z . A ' /~ fm. W i t h Blair's scaling rule BC RC = BN RN this yields also different deformations f o r the transitions.
The optical potential obtained in t h i s way describes quite well the experimental data 110-121 for the 12C + e l a s t i c and inelastic scattering. In chapter 2 we give a very short survey of the theoretical description, while the results are presented in Chapter 3. Chapter 4 summarizes the main conclusions.
I1 -THEORETICAL DESCRIPTION
The starting point f o r the calculation of the real and imaginary part of the potential between two heavy ions i s the collision of two i n f i n i t e nuclear matters. They are flowing through each other. The interaction between the different nucleons i s taken into account using the Bethe-Goldstone equation.
The reaction matrix <ki,k; lG(W=ekl + E~~; kFl ,kF2,kr) I kl,k2> depends on the momenta kl,k2 of the two i n i t i a l nucleons and on the momenta of the two nucleons k i , k; in the intermediate s t a t e s . In addition i t depends on the s t a r t i n g energy W = € k l + €k2 and on the Fermi momenta k F l , k~2 of the two Fermi spheres. The two Fermi momenta are connected with the local densities in projectile and target.
The solution of the Bethe-Goldstone equation (2) which have the same values a s the s t a r t i n g energy W = ckl + E k 2 . I t i s obvious t h a t f o r only one i n f i n i t e nuclear matter corresponding to a spherical Fermi sphere the intermediate energy o f t h e two nucleons i s always l a r g e r than t h e s t a r t i n g energy W and thus one f i n d s t h e r e o n l y r e a l r e a c t i o n s matrices G .
The t o t a l energy d e n s i t y f o r the c o l l i s i o n o f t h e two i n f i n i t e nuclear matters nNM(; ) = T(~F~(;), k~~( f ) . kr) + n(kF1(:). kF2(f). kr)
i s c a l c u l a t e d as t h e sum o f the t o t a l k i n e t i c energy d e n s i t y and the Hartree-Fock p o t e n t i a l energy.
The k i n e t i c energy d e n s i t y T ( ; ) and t h e p o t e n t i a l energy d e n s i t y n(;) are c a l c u l a t e d by i n t e g r a t i n g over t h e content o f t h e two u n i t e d Fermi spheres and by summing over This expression depends n o t o n l y on t h e distance between the two heavy i o n s i n o r b it a l space b u t a l s o on the r e l a t i v e k i n e t i c energy represented by t h e average r e l a t i v e momentum p e r nucleon kr.
Ile have here added t o t h e nuclear matter energy d e n s i t y nNM(?. R) a surface c o r re c t i o n which i s s i m i l a r t o t h e Weizsacker surface term [14] ( b u t has a s l i g h t l y d i f f -
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e r e n t d e n s i t y dependence). The parameter a = 8.30 fm has been adjusted t o reproduce t h e experimental r o o t mean square r a d i i o f t h e n u c l e i (see below).
I t can be shown [4] t h a t expression (7) can be obtained approximately using the Feshbach expression [ I 3 1 f o r t h e H I o p t i c a l p o t e n t i a l .
Here, t h e round brackets i n d i c a t e i n t e g r a t i o n over a1 1 v a r i a b l e s a p a r t o f t h e r e l at i v e distance R between the two heavy ions. @, i s t h e i n t r i n s i c wavefunctionof the two heavy ions a t distance R w i t h o u t i n c l u s i o n o f the r e l a t i v e wavefunction. P proj e c t s on t h e two ground s t a t e s w h i l e Q includes a l l the o t h e r states. Vr i s t h e r es i d u a l i n t e r a c t i o n between the nucleons i n heavy i o n one and i n heavy i o n two. I n using eq. (8) one must be aware t h a t i t i s n o t an exact expression since t h e space Q should n o t contain break-up i n t o three fragments.
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JOURNAL DE PHYSIQUE
The numerical c a l c u l a t i o n proceeds now i n t h e way t h a t we choose a r e a l i s t i c nucleon-nucleon i n t e r a c t i o n (Reid-soft-core-potential) and solve f o r t h i s i n t e r a c t i o n V the Bethe-Goldstone eq.(2). The P a u l i operator i s defined i n the angle averaged approximation. The complex r e a c t i o n m a t r i x i s c a l c u l a t e d f o r the d e n s i t i e s p = 0.25 pO, 0.5 pO, 0.75 po, 1.00 p0...,2.5 p o and f o r t h e K = p / ( P +p ) Galues (pp,pT d e n s i t i e s i n the p r o j e c t i l e and t h e target, res-P P T p e c t i v e l y ) K = 0, 1/8, 1/4, 3/8, 1/2 and t h e average r e l a t i v e momenta kr 0.5, 1.0, 1.5, 2.0, 2.5, 3 fm-l. For t h e s t a r t i n g energy we choose an averaged value W [2,3,4]. I n a d d i t i o n we t a b u l a t e t h e k i n e t i c energy density T and the p o t e n t i a l energy dens i t i e s n ( 6 ) f o r d i f f e r e n t values o f p and kr. The average r e l a t i v e momentum kr i s determined by t h e bombarding energy o f the heavy i o n beam. The t o t a l d e n s i t y p i s taken i n each volume element using f o r both heavy ions mass d e n s i t i e s determined from e l e c t r o n s c a t t e r i n g by s c a l i n g t h e charge d i s t r i b u t i o n A/Z. This d e n s i t y allows t o c a l c u l a t e the l o c a l k i n e t i c energy d e n s i t y 1151. With t h e h e l p o f p and T one can determine K . With the h e l p o f p and K one i n t e r p o l a t e s f o r a given r e l a t i v e average momentum kr the p o t e n t
i a l energy d e n s i t y n(?). T and n determine t h e t o t a l energy density q(F). This energy d e n s i t y i s then i n t e g r a t e d f o r a given distance R between the two heavy ions t o o b t a i n t h e t o t a l energy E(kr,R) which determines according t o (7) t h e complex o p t i c a l p o t e n t i a l . I n t h i s way one obtains t h e volume p a r t o f t h e H I o p t i c a l p o t e n t i a l b u t one can
n o t i n c l u d e t h e surface v i b r a t i o n a l e x c i t a t i o n s . They can be handled i n two d i f f e r e n t ways: e i t h e r they are e x p l i c i t l y included [4] i n the f i n i t e nucleus using t h e Feshbach expression (8) o r they are included by e x p l i c i t l y t a k i n g the i n e l a s t i c s c a t t e ri n g i n t o these s t a t e s i n t o account by the coupled channel approach.
I n t h e + s c a t t e r i n g i t turned o u t t o be enough t o include i n t h e coupled channel treatment the 2+(4.44 MeV) and 3-(9.64 MeV) states. From B l a i r ' s s c a l i n g r u l e
( 1 ) and t h e reduced EX t r a n s i t i o n p r o b a b i l i t i e s we f i n d f o r t h e Coulomb and nuclear The nuclear deformation parameters B~ vary s l i g h t l y w i t h the bombarding energy ( f o r example: EL = 1016 MeV), since our r e a l p a r t o f t h e 12c + o p t i c a l p o t e n t i a l depends on the energy.
I 1 1 -RESULTS
From the energy d e n s i t y nNM i n nuclear matter ( 5 ) one can e a s i l y c a l c u l a t e t h e energy p e r nucleon as a f u n c t i o n o f t h e d e n s i t y p f o r d i f f e r e n t average r e l a t i v e momenta o f a nucleon i n nuclear matter 1 and an average nucleon i n nuclear matter 2.
The r e a l p a r t f o r d i f f e r e n t average r e l a t i v e momnta kr [fm-l] i s given i n F i g u r e 1.
For kr d i f f e r e n t from zero one obtains a l s o an imaginary p a r t which i s shown i n FiGure 2 The total energy density (5) i s calculated in nuclear matter and therefore does not contain any surface corrections. W e therefore are adding (7) a Weizsacker surface correction term (vp12. The parameter a i s now adjusted by f i t t i n g in different nuclei the root mean square radius. W e parametrize the nuclear mass distribution by expressions used t o describe the charged distribution in electron scattering. [I71 2 We c a l c u l a t e now f o r d i f f e r e n t n u c l e i the t o t a l energy by i n t e g r a t i n g t h e eneroy density (11) w i t h t h e density (10) 
TO perform t h i s c a lc u l a t i o n we assumed i n l '~, 160 and 4 0~a t h a t the proton and the neutron d e n s i t y are p r o p o r t i o n a l t o each o t h e r and a r e normalized t o Z and A -Z. Only f o r *08pb we scale t h e r a d i a l coordinate f o r the neutrons i n such a way t h a t r o o t mean square radius i s by 0.2 fm l a r g e r than t h e r o o t mean square r a d i u s f o r t h e protons.
w i t h our t h e o r e t i c a l r e s u l t obtained by i n t e g r a t i n g energy dens i t y (11) over t h e whole nucleus and minimizing t h i s energy as a f u n c t i o n o f t h e r a d i u s parameter RWSin eq. (10).
MASS NUMBER A
To c a l c u l a t e the o p t i c a l p o t e n t i a l between two n u c l e i according t o eq. ( 7 ) we must know the d e n s i t y o f the two n u c l e i which are a p a r t by t h e distance R. We use here f o r the p r e s c r i p t i o n t o o b t a i n the d e n s i t y of the two i n t e r a c t i n g n u c l e i two I i m i t i n g recipes:
i n the sudden approach we j u s t add t h e d e n s i t y o f t h e f i r s t and t h e second nucleus.
I n the a d i a b a t i c approach we assume t h a t the two n u c l e i have a t each distance R enough time t o r e a d j u s t t h e i r d e n s i t y d i s t r i b u t i o n . Thus we should c a l c u l a t e the dens i t y d i s t r i b u t i o n o f the two i n t e r a c t i n g n u c l e i i n a s t a t i c two centre Hartree-Fock
approximation. To obtain t h i s adiabatic density distribution of the ttI1s we use the followinq recipe: we assume that the saturation density i s given by the maximum dens i t y of the independent mass distributions of the two nuclei. As long as the additive density of the two nuclei i s not larger than t h i s saturation density we just add the two densities. I f the additive density surpasses the saturation density we take as the limiting value the saturation density and scale the spatial variables so that the integral over the total density yields the sum of the mass numbers. I f one would take t h i s recipe l i t e r a l l y one would end up with a density which i s not smooth and has d i f f i c u l t i e s a t the distance R = 0. A smooth adiabatic total density i s obtained by the following prescription:
The scaling variables ap(R) for the projectile and aT (R) f o r the target are unity f o r distances larger than Ro f o r which the sum of the two densities p p + pT i s less than the saturation density defined by the maximum of the separatedensities. A t separation R = 0 t h e Saxon-Woods radius parameter for the projectile Rp and the SaxonWoods radius parameter f o r the target RT should be identical Ye know therefore the r a t i o of the scaling parameters of the projectile and the taroet f o r distance R=O and f o r the c r i t i c a l distance Ro above which no scaling i s necessary.
If we do a linear interpolation f o r the ratio 5 of the scaling parameters f o r the projectile and the target between the two values given in eq. (14) we obtain for t h i s r a t i o as a function of R:
The absolute values of the scaling parameters ap(R) and aT(R) i s obtained from the normal ization. 
R12
W e have studied t h e sudden and the a d i a b a t i c o p t i c a l p o t e n t i a l f o r d i f f e r e n t k i n e t i c energies and d i f f e r e n t p a i r s o f n u c l e i 12c + "c, 160 + 160, 4 0~a + 4 0~a and 2 0 8~b + 2 0 8~b . To save space we show here only the r e a l and the imaginary p a r t o f t h e o p t i c a l p o t e n t i a l f o r 12c + 12c a t a l a b o r a t o r y energy EL = 300 MeV i n Figure 6 and 7.
DISTANCE R l f m l range given the sudden (solid l i n e ) and the adiabatic (dashed l i n e ) approach yields practically the same cross-section. The agreement a t these lower energies i s not as good as a t the higher energies.
Judging the agreement between theory and experiment in Figures 8, 9 and 10 one has t o take into account that the cross-sections have been calculated parameter free starting from a real i s t i c nucleon-nucleon interaction. Even the root mean square radius i s reproduced in agreement with the experimental data with the same NN interaction using expression (10) and varying the radius parameter RWS t o minimize the total energy which one obtains from the energy density (11) by integrating over the nucleus. The only ingredient taken from experiment i s the w parameter and the diffuseness a of equation (10) and the transition probabilities into the 2' and 3-s t a t e s i n 12c. One should not mix the type of calculation presented here with a calculation of the cross-section where one uses f o r the real part a folding potential and one f i t s the imaginary part to the data. [10, 11] . I t i s obvious t h a t i f one f i t s a large nu, ber of parameters f o r the imaginary part directly to the cross-sections f o r each bombarding energy separately one has t o obtain a much better agreement. In the present calculation no parameter i s adjusted t o the cross-section data. In t h i s sense the present approach yields a parameter f r e e theoretical cross-section with the essential irnput of the r e a l i s t i c NN interaction.
I V -CONCLUSIONS
We s t a r t e d from a r e a l i s t i c nucleon nucleon i n t e r a c t i o n (Rei d-soft-core-potential ) and c a l c u l a t e d t h e r e a c t i o n m a t r i x f o r the c o l l i s i o n o f two i n f i n i t e nuclear matters f o r d i f f e r e n t r e l a t i v e average momenta kr and w i t h d i f f e r e n t d e n s i t i e s pT and pp f o r the t a r g e t and t h e p r o j e c t i l e y respectively. Using a aeneral i z e d l o c a l d e n s i t y a p p r e ximation we were able t o c a l c u l a t e the volume c o n t r i b u t i o n t o the r e a l and imaginary p a r t o f t h e heavy i o n p o t e n t i a l . Compared t o former c a l c u l a t i o n s [ l -8 1 we requested now t h a t the same r e a l i s t i c NN i n t e r a c t i o n (Reid-soft-core) should a l s o reproduce the ground s t a t e p r o p e r t i e s o f t h e n u c l e i i n v o l v e d and n o t o n l y the r e a l and t h e imagina r y p a r t o f the o p t i c a l model. I n a d d i t i o n we added a Weizs'dcker l i k e surface term which cannot be c a l c u l a t e d i n nuclear matter. The s t r e n g t h parameter i s adjusted t o reproduce as w e l l as possible the r o o t mean square r a d i i o f several n u c l e i across the p e r i o d i c table. For the density o f the two i n t e r a c t i n g n u c l e i we used two l i m i t i n g assumption: i n the sudden approximation the two d e n s i t i e s are added f o r each d i stance R o f t h e two n u c l e i . I n the a d i a b a t i c approach we do n o t a l l o w t h a t the density gets l a r g e r than the s a t u r a t i o n density defined by the h i g h e s t density o f the two i nd i v i d u a l n u c l e i . Although the sudden and a d i a b a t i c o p t i c a l model potentials are q u i t e d i f f e r e n t f o r small distances R between t h e two n u c l e i the cross-sections a r e roughly the same since the imaginary p a r t prevents t h a t the n u c l e i see the d i f f e r e n c e of t h e p o t e n t i a l s a t s h o r t distances.
The agreement i s very good f o r h i g h energies (1016 MeV f o r on "C s c a t t e r i n g ) .
A t smaller energies t h e t h e o r e t i c a l cross-section overestimates the experimental values a t l a r g e r angles. This i s probably due t o t h e f a c t t h a t t h e imaginary p a r t o f the o p t i c a l model p o t e n t i a l i s underestimated due t o the f a c t t h a t t r a n s f e r r e a c t i o m are n o t e x p l i c i t l y included.
